(E>1 MeV) were tested in tension with strain rates ranging 1.1 X 10-4~1.1 X 10-2s-1 in the temperature range 200~400dc. Detailed observations of the specimen wall surface and microstructure were also made on samples deformed to various amounts of plastic strain , with a projector and an optical microscope .
It was found that localized plastic deformation bands occurred in the temperature range approximately 280~330dc during straining to the ultimate tensile stress . Results also showed that the strain rate dependence of tensile properties , particularly the strain to the ultimate tensile stress, was associated with changes in the number and width of the localized deformation band with strain rates at a temperature of 300dc at which localized bands occurred.
From a break of the straight line tracing the true stress-true plastic strain relationship, it was established that the onset stress and strain of the localized deformation band could be estimated.
The effect of specimen orientation on localized deformation band was also discussed on the basis of differences in the onset stress and strain between the transverse and longitudinal specimens. KEYWORDS Figure 1 shows the pole figure for the (0002) basal plane in the annealed Zircaloy-2 specimen, illustrating that the peak density of (0002) poles is mainly in the sheet normal direction and also subsidiarily in the transverse direction about 10~15d away from the sheet normal direction. The gas contents in the specimen were 1,400 and 10 ppm for oxygen and hydrogen, respectively. The annealed transverse and longitudinal specimens were encapsulated with helium gas in stainless steel clad, and then irradiated to neutron doses of 3.2X1019 and 1.2 X 1020 n/cm2 (E>1 MeV) at temperatures of about 150 and 200dc, respectively, in the Japan Material Test Reactor (JMTR).
Tensile tests were made in vacuum on irradiated specimens, as well as unirradiated ones, in the temperature range between 200 and 400dc at a strain rate of 1.1 X 10-4 s-1, and also at a temperature of 300dc at strain rates ranging from 1.1 X 10-4 to 1.1 X 10-2 s-1.
Prior to tensile tests, the specimens were kept at the test temperature for about 30 min.
The side view observations were carried out on samples which were lightly electropolished and then deformed to various amounts of plastic strain up to the ultimate tensile stress, using a projector and an optical microscope.
III. RESULTS AND DISCUSSION The strain to UTS euts is indicated in Fig. 3 , as a function of temperature, for transverse specimens unirradiated and irradiated to 1.2 X 1020 n/cm2 (E>1 MeV) . It is manifested that euts for the irradiated specimens decreases with increasing temperature , reaching a minimum value below 0.3% at 300dc followed by an increase up to the level of more than 1% at 400dc . For the unirradiated ones, on the contrary, euts attains a maximum value of 35~45% at around 300dc . Detailed examinations were made on the wall surface of specimens unirradiated and irradiated to 1.2 X 1020 n/cm2 (E>1 MeV) and deformed to UTS at temperatures of 2503 50dc, indicating that localized plastic deformation bands occur at approximately 280~330dc on the irradiated specimen, but not at both 250 and 350dc . The occurrence of a minimum in euts at about 300dc, as presented in Fig. 3 , could therefore be ascribed to a reduction of the effective gage length, accompanied by the formation of localized plastic deformation bands. These features are in common with those for transverse specimens irradiated to 3.2 X 1019 n/cm2 (E>1 MeV) and deformed to UTS(13) , implying that the occurrence of localized deformation bands at around 300dc is characteristic of the tensile deformation behavior of transverse Zircaloy-2 specimens irradiated to 1.2 X 1020 n/cm2 (E>1 MeV) , as well as to 3.2 X 1019 n/cm2 (E> 1 MeV). Concerning the tremendous decrease in eut s at around (14) has already suggested a similar mechanism to that in the present study, without showing the evidence of localized plastic deformation bands, such that the plastic deformation is concentrated within the defect cleared channels with resultant loss of ductility when dislocation channeling does happen.
It is widely acknowledged that the temperature range of 280~330dc is the one in which the recovery of irradiated Zircaloy-2 becomes remarkable(15)~ (17), and also the anomalous tensile behaviors of the unirradiated one (18) , such as the existence of the transition points in creep rate curves (19) and the appearance of a yield point in differential strain rate tests (20) , are detected.
The anomalies in tensile behaviors of unirradiated Zircaloy-2 have generally been related to some form of strain aging, whose mechanisms have been associated with the interactions of glide dislocation-interstitial impurities such as oxygen and nitrogen (18) . According to Veevers' schematic explanation of strain aging(21), a gradual decrease in euts at temperatures above 300dc for the unirradiated specimen as presented in Fig. 3 could be attributable to the strain aging effect. The recovery of irradiation damage in Zircaloy-2, on the other hand, is due to the dissolution of vacancy clusters agglomerated during irradiation and subsequent annealing. Thus, it is conceivable that the mobility of oxygen atoms and the migration of vacancies become remarkable in the temperature range approximately 280~330dc, resulting in oxygen atoms being trapped by irradiation induced defects in Zircaloy-2, as suggested by Veevers et al. (22) In facts, at about 300dc the radiation anneal-hardening (RAH) occurs, being attributed to the migration of interstitial impurities such as oxygen and nitrogen to radiation damage clusters, which results in the clusters being more effective obstacles to dislocation movement. It has been shown, in our previous paper(13), that RAH phenomena are observed at temperatures between approximately 280 and 320dc, at which localized deformation bands occurred during straining to UTS. Snowden et al. (14) also reported that the strain to UTS (referred as the uniform strain) was low in the region of RAH. Metallographic examinations(13) of the specimen irradiated to 3.2 X 1019 n/cm2 (E>1 MeV) and deformed at 300dc showed that after localized plastic deformation bands traversing the whole specimen width, the subsequent deformation would rather concentrate inside bands than expand the band width, and also microscopically the localized deformation by slip would preferentially proceed within dislocation channels. Those would be owing to RAH. Thus it can be concluded that RAH is indispensable to the occurrence of localized plastic deformation bands.
Effect of Strain Rate
Detailed examinations of surface appearances and microstructures were performed on transverse specimens irradiated to 1.2 X 1020 n/cm2 (E>1 MeV), and tested in tension to UTS at 300dc with strain rates ranging between 1.1 X 10-4 and 1.1 X 10-2 s-1 Photograph 1 represents typical wall surface appearances of specimens irradiated and deformed to UTS at strain rates of 1.1 X 10-4, 1.1X10-3 and 1.1 X 10-2 s-1. It is easily found that the number and width of localized plastic deformation bands traversing the whole specimen width tend to decrease with increasing strain rate. It is also manifested that the surface appearances of specimens deformed at strain rates of 1.1 X 10-3 s-1 or lower are different from those deformed at 1.1 X 10-2 s-1 such that a rather broader and thicker band is among the bands of each specimen below 1.1 X 10-3 s-1, and a few bands are barely detectable at 1.1 X 10-2 s-1.
Typical microstructures are presented at both higher and lower magnifications in Photo. 2, for transverse specimens irradiated and deformed at 1.1 X 10-4, 1.1 X 10-3 and 1.1 X 10-2 s-1, showing that the localized plastic deformation band has fine and dense slip lines at a strain rate of 1.1 X 10-4 s-1 and the slip line density becomes smaller at higher strain rates. Tensile properties were determined from nominal stress-strain relationships of specimens deformed at 300dc to UTS with strain rates of 1.1 X 10-4~1.1 X 10-2 s-1. Figure 4 shows e uts, as a function of strain rate, for transverse samples irradiated to 1.2 X 1020 n/cm2 (E>1 MeV). The strain to UTS euts decreases with increasing strain rate, reaching a ductility minimum at about 4.4 X 10-4 s-1 and then increases with strain rate. The strain rate dependence of euts could be related to the change in the number and width of localized deformation bands shown in Photo. 1 and also to the change of the slip line density with strain rates as presented in Photo. 2. An abrupt increase in euts at higher strain rates would be due to the homogeneous mode of deformation becoming more predominant. 
Effect of Specimen Orientation
In the preceding paragraph, results from tensile tests and specimen wall surface observations were presented on the transverse specimen, for giving discussion on the effect of temperature and strain rate on localized plastic deformation of irradiated Zircaloy-2. It has been found that the longitudinal specimen has nearly the same tendency(24) as the transverse one does, on the temperature and strain rate dependent mechanical behavior of irradiated Zircaloy-2. No remarkable difference in nominal stress-elongation curves represented in Fig. 6 is identified between the transverse and longitudinal specimens irradiated to 1.2 X 1020 as well as 3.2 X 1019 n/cm2 (E>1 MeV), with the exception of stresses being higher at both fluences for the transverse specimen than for the longitudinal one.
The texture of the specimen used in the present study, however, is such that in addition to the main peak density of (0002) poles in the sheet normal direction a sub-peak density is in the transverse direction about 10~15d away from the sheet normal, as shown in Fig. 1 . The difference in yielding behavior would therefore be revealed between the transverse and longitudinal specimens irradiated to both fluences.
In our previous paper(13), it has been indicated that the transition from yielding to strain hardening is identified by an inflection point on true stresstrue strain curves when localized deformation bands occur during deformation to UTS point. Figure 7 shows an example of true stresstrue strain relationships for both transverse and longitudinal specimens irradiated to 1.2 X 1020 n/cm2 (E>1 MeV) and deformed at 300dc, including typical wall surface appearances and microstructures of specimens having an incipient deform6tion band. This figure illustrates that the true stress-true strain relationship can be traced in a semilog- Fig. 6 Nominal stress-elongation curves , for both transverse and longitudinal Zircaloy-2 specimens irradiated to 3 .2 X 1019 and 1.2 X 1020 n/cm2 (E> 1 MeV) and tested in tension at 300dc arithmic scale with straight lines having a break during straining to UTS point, and the incipient deformation band is detected after the break but not before. Microphotographs in the figure exhibit the incipient band composed of slightly deformed grains with a low density of slip lines. Thus, it is definite that the break is a point at which the localized deformation band initiates.
By using this way, the stress and the strain at which localized bands start were estimated and listed in Table 1 , for the transverse and longitudinal specimens irradiated to both 3.2 X 1019 and 1.2 X 1020 n/cm2 (E>1 MeV).
As can be seen, the onset stress of the localized deformation band is unaffected by neutron fluences for the transverse spec, imen, while larger at the higher fluence for the longitudinal specimen. A more notable fact in Table 1 is that the onset strain is smaller at 1.2 X 1020 n/cm2 (E>1 MeV) than at 3.2 X 1019 n/cm2 (E>1 MeV) for both specimens. The pnset stress and strain of the localized deformation band should be defined as the yield stress and the strain to yielding; Fig. 1 . Fig. 7 True stress-true plastic strain curves for both transverse and longitudinal Zircaloy-2 specimens irradiated to 1.2 X 1020 n/cm2 (E>1 MeV) and tested in tension at 300dc with strain rate of 1.1 X 10-4s-1 (2) The strain rate dependence of tensile properties, particularly the strain to the ultimate tensile stress, is associated with changes in the number and width of the localized deformation band with strain rate at 300dc. The formation of localized bands becomes difficult above a certain strain rate, where a homogeneous manner of plastic deformation becomes predominant.
(3) The onset stress and strain of the localized deformation band, corresponding to the yield stress and the strain to yielding respectively, can be estimated from a break of straight line tracing the true stress-true plastic strain relationship in a semilogarithmic scale.
(4) Significant differences in the onset stress and strain of the localized deformation band are revealed at the lower neutron fluence, but not at the higher one, between the transverse and longitudinal specimens. This is principally due to the anisotropy in the yielding behavior of Zircaloy-2.
